Prader -Willi syndrome (PWS) is a complex genetic disorder characterized by hyperphagia, obesity and hypogonadotrophic hypogonadism, all highly suggestive of hypothalamic dysfunction. The NDN gene, encoding the MAGE family protein, necdin, maps to the PWS chromosome region and is highly expressed in mature hypothalamic neurons. Adult mice lacking necdin have reduced numbers of gonadotropin-releasing hormone (GnRH) neurons, but the mechanism for this reduction is unknown. Herein, we show that, although necdin is not expressed in an immature, migratory GnRH neuronal cell line (GN11), high levels are present in a mature GnRH neuronal cell line (GT1-7). Furthermore, overexpression of necdin activates GnRH transcription through cis elements bound by the homeodomain repressor Msx that are located in the enhancer and promoter of the GnRH gene, and knock-down of necdin expression reduces GnRH gene expression. In fact, overexpression of Necdin relieves Msx repression of GnRH transcription through these elements and necdin co-immunoprecipitates with Msx from GnRH neuronal cells, indicating that necdin may activate GnRH gene expression by preventing repression of GnRH gene expression by Msx. Finally, necdin is necessary for generation of the full complement of GnRH neurons during mouse development and extension of GnRH axons to the median eminence. Together, these results indicate that lack of necdin during development likely contributes to the hypogonadotrophic hypogonadal phenotype in individuals with PWS.
INTRODUCTION
Prader -Willi syndrome (PWS) is a multigenic, neurodevelopmental disorder affecting 1 in 15 000 live births (1) . Diagnostic criteria include neonatal hypotonia, failure to thrive, hyperphagia, excessive weight gain, developmental delay and hypogonadotropic hypogonadism (2) , all indicative of hypothalamic dysfunction. As a contiguous multigene disorder, PWS is caused by loss of expression of genes in the 15q11 -13 chromosomal region. Several maternally silenced, imprinted genes lie within this region, including MKRN3, MAGEL2, NDN and SNURF/SNRPN/IC. Interestingly, singlegene mutations have not been found to cause PWS, suggesting that loss of multiple genes is required to produce this syndrome. However, it is likely that loss of expression of specific, individual genes may contribute to the various distinct phenotypes associated with this complex disorder. For this reason, it has been important to study the genes within the Prader-Willi interval individually. Both necdin and Magel2 are members of the Melanoma Antigen Gene (MAGE) family. Along with Dlxin (also termed Maged1 or NRAGE), they form a closely related subgroup of the type II subfamily of MAGE proteins, characterized by a conserved MAGE homology domain (3) . The type II subfamily is expressed in normal tissues, as opposed to the type I MAGE genes that are mainly expressed in tumorigenic tissues (4) .
Mouse chromosome region 7C is homologous to human 15q11 -13, and therefore, mutant mice have been utilized as important models for the study of PWS. Several genetic alterations created at 7C have been proposed as PWS models with varying phenotypes (5 -12) . Specifically, four different necdin-null mutations have been studied (10,11,13 -16) .
Gerard et al. (14) , reported variable respiratory defects corresponding to the respiratory compromise seen in children with PWS. Muscatelli et al. (15) , observed behavioral and hypothalamic abnormalities, including a reduction in hypothalamic neuron populations in the adult, including 25% fewer gonadotropin-releasing hormone (GnRH)-positive neurons in the medial preoptic area (mPOA). Kuwajima et al. (17) and Kuwako et al. (10) reported reduced differentiation of GABAergic neurons and sensory neuron defects in their strain of necdin-null mice, while we have documented defective axonal outgrowth in a variety of neuron populations including defective migration of sympathetic neurons in the superior cervical ganglia (18, 19) . Additionally, mice null for Nhlh1 and/or Nhlh2, transcriptional regulatory proteins known to directly activate necdin gene expression (20, 21) , have fertility defects and reduced numbers of GnRH neurons.
GnRH is the fundamental regulator of the hypothalamic/ pituitary/gonadal axis, and thus, GnRH neurons are critical for reproductive function. GnRH mRNA is first detected in the olfactory placode at embryonic day 11.5 (e11.5) (22, 23) . At embryonic day 13.5 (e13.5), the neurons produce GnRH decapeptide and migrate across the nasal septum and cribriform plate, into the forebrain, where, by e16 (23, 24) , most migrating GnRH neurons reach their proper locations in the hypothalamus and extend their axons to the median eminence to secrete GnRH into the hypophyseal portal system. This migration and axon targeting are crucial for these neurons to execute their requisite role in reproductive function. In this way, GnRH neuron migration, differentiation and gene expression all occur coincidentally and, may, in fact, have interrelated molecular mechanisms (25) .
We have previously shown that the Msx homeodomain transcriptional repressor proteins are expressed in the GnRH neurons in vitro and in vivo, regulate the GnRH gene, and inhibit the development and migration of GnRH neurons (26) . Msx transcription factors bind the characterized rat GnRH enhancer and promoter at two ATTA sites in each region, to regulate transcriptional activity of the GnRH gene. Additionally, Msx1-null mouse embryos have increased numbers of GnRH-expressing neurons in the olfactory region at e12.5 and e13.5, an effect that resolves by e16.5. These actions are countered by Dlx homeodomain transcriptional activators (26) , which are also expressed in GnRH neurons and bind to the same sequence recognition sites in the GnRH gene. Mouse embryos null for Dlx1 and Dlx2 have 30-35% fewer GnRH neurons. Thus, elimination of the repressor, Msx, increases the number of GnRH neurons, while elimination of the activator, Dlx, decreases the number of GnRH neurons, though the mechanism responsible for regulating their differential binding and activities is not known. Interestingly, Msx and Dlx proteins interact with two type II MAGE proteins, necdin and Dlxin-1 (4, 27) . Specifically, in muscle cells, necdin and Dlxin-1 were shown to relieve Msx repression of the Wnt1 promoter allowing the promotion of muscle cell differentiation (17, 28) . However, these studies were performed in vitro with synthetic proteins or in heterologous cells using highly overexpressed, exogenous proteins, leaving their interpretation of their physiological roles open (4).
The majority of individuals with PWS display defects in sexual development generally attributed to hypogonadotrophic hypogonadism (29) , implicating the GnRH system. Adult necdin-null mice have reduced numbers of GnRH neurons (15) , suggesting that loss of necdin could affect fertility in PWS patients through actions on GnRH neuron development and/or gene expression. Herein, we demonstrate that necdin activates GnRH gene expression by relieving Msx repression of GnRH transcription. We show that necdin is present in an endogenous protein complex with Msx1 and that Dlxin-1 is likely a component of this complex. Additionally, necdin is necessary for proper GnRH neuronal development in vivo. Therefore, we propose that the absence of necdin may result in a decrease in GnRH levels and/or the number of GnRH neurons, and thereby likely contributes to the etiology of hypogonadotrophic hypogonadism in PWS patients.
RESULTS

Necdin is expressed in GT1-7 but not GN11 cells
There are only 800 -1000 GnRH neurons dispersed in the adult mouse septohypothalamic region (22) , making analysis of their molecular mechanisms particularly difficult. Thus, we have utilized immortalized cell lines as in vitro models of GnRH neurons. GT1-7 cells were isolated from a tumor in the forebrain, which was created by targeted oncogenesis utilizing a transgene containing the rat GnRH regulatory region coupled to SV40 T antigen. The GT1-7 cells display characteristics of mature GnRH neurons (30 -32) , including several neuronal features, producing high levels of GnRH in the characteristic pulsatile pattern, and the ability to functionally substitute for GnRH neurons when implanted into the hypothalamus of an adult hypogonadal mouse. GN11 cells (33) were created in a similar manner using human GnRH regulatory region and derived from a tumor isolated from the olfactory region of the mouse. In contrast to GT1-7 cells, however, GN11 cells respond to migratory cues in culture and make low levels of GnRH, both qualities consistent with an immature GnRH neuron. The GN11 and GT1-7 cell lines have been used as models to identify and analyze transcription factors that regulate GnRH gene expression.
To identify candidate genes critical for GnRH neuron development, we performed an Affymetrix microarray screen comparing RNA from GN11 versus GT1-7 cells. Over 2000 transcripts showed significantly higher levels in GT1-7 versus GN11 cells. In particular, necdin mRNA levels were 1000-fold higher in GT1-7 than GN11 cells (P ¼ 2 Â 10
261
) by VAMPIRE Bayesian variance modeling analysis (34) . Interestingly, other MAGE family members, Maged1 (encoding Dlxin-1 protein) and Magel2, as well as a Necdin regulating gene, Nhlh1 (NSCL-1) (20), were not significantly different between the two cell lines (Fig. 1A) . The expression of MAGE family members was confirmed using RT-PCR and primers specific for Necdin, Dlxin-1 and Magel2 (Fig. 1B) . Necdin expression was not detected in the GN11 cells, but was readily detected in GT1-7 cells. Dlxin-1 and Magel2 transcripts were observed in both GN11 and GT1-7 cell lines. All three MAGE family members were expressed in the adult mouse brain positive control.
The differential expression of necdin between these two cell lines is also evident at the protein level. Immunoblots of proteins from GT1-7, GN11, NIH3T3, and LbT2 [mouse pituitary gonadotrope (35) ] cells show that GT1-7 cells express high levels of necdin, while it is undetectable in the other cells (Fig. 1C) . Thus, necdin is differentially expressed between immature and mature GnRH neuronal model cell lines and absent from non-neuronal cell lines, suggesting that it could be important for the development of these cells and expression of GnRH.
Necdin activates GnRH gene expression and relieves Msx repression of GnRH gene expression
To determine whether necdin regulates GnRH expression, we transiently co-transfected GN11 cells with a Necdin expression vector and rat GnRH-luciferase reporter plasmids. We utilized GN11 cells due to their lack of endogenous necdin. GT1-7 cells have such high levels of necdin that a Necdin expression vector would not be expected to significantly increase levels. Both a luciferase reporter containing 5 kb of the upstream region of the rat GnRH gene and a reporter driven by a condensed combination of the three most well-characterized rat GnRH regulatory elements (36): upstream enhancer, enhancer and promoter (GnRH enhancer reporter, Fig. 2A ) were significantly induced by necdin (Fig. 2B) . As expected, when necdin was overexpressed in GT1-7 cells (which already have high levels of endogenous necdin, see Fig. 1 ), significant activation did not result (Fig. 2C) . Additionally, overexpression of Magel2 (another Prader-Willi candidate gene and MAGE family member) did not affect GnRH gene expression, nor did the related MAGE protein, Dlxin-1 (Fig. 2D) . Consequently, necdin is sufficient to activate GnRH gene expression in GN11 cells and this activation localizes to the known enhancer and promoter regions.
Since MAGE family members interact with, and regulate gene expression through, Msx and Dlx homeodomain proteins (27) , and Msx and Dlx proteins regulate GnRH transcription during development (26), we investigated the effect of necdin on Msx and Dlx regulation of the GnRH gene. As we previously demonstrated (26) , overexpression of Msx1 significantly decreases GnRH reporter gene transcription in GN11 cells. Interestingly, however, co-transfection of necdin prevents this repression by Msx1 (Fig. 3A) . In contrast, confirming our previous studies (26) , Dlx proteins significantly increase GnRH reporter activity. However, co-expression of necdin did not alter the effects of Dlx on GnRH activity (Fig. 3B ), indicating that, in this case, necdin selectively acts through Msx homeodomain proteins.
Necdin activates GnRH through Msx/Dlx-binding sites in the GnRH enhancer and promoter regions If necdin activates through prevention of Msx repression, the characterized Msx DNA-binding sites in the GnRH regulatory sequences should be necessary for activation by necdin. The GnRH enhancer and promoter each have two Q50 homeodomain-binding elements at 21637, 21624, 258, and RNA from GT1-7 versus GN11 cells was compared using Affymetrix microarray MOE430A. Fold difference between GT1-7 and Gn11 are shown for MAGE family members Necdin, Maged1 (encoding Dlxin-1) and Magel2, and for Nhlh1. Data were analyzed using GeneSpring software and the mean of two arrays is presented. (B) RT-PCR analysis to confirm expression of MAGE family members, necdin, Dlxin-1 and Magel2 in GN11 and GT1-7 cell lines. Adult mouse brain cDNA was used as a positive control for Mage mRNAs. Cyclophilin B (CyB) was used as a control for equal loading. Ethidium-stained 1% gel pictured. (C) Immunoblots of Necdin and cyclophilin B proteins from GT1-7, GN11, NIH3T3, and LbT2 cells.
242 bp, respectively, all of which bind Msx and Dlx family members (26) . We have previously shown that mutation of all four characterized Msx/Dlx-binding sites eliminates the repressive effect of Msx (26) . When necdin was transiently co-transfected into GN11 cells with the GnRH enhancer reporter carrying these mutations (Fig. 4A) , there was no significant activation by necdin (Fig. 4B) , demonstrating that the regulation by necdin requires these Msx-binding sites in the GnRH enhancer and promoter for activation of the GnRH gene.
Necdin was reported to act as a transcriptional repressor by binding to guanosine-rich clusters in DNA (37) . To distinguish whether GnRH is acting directly or indirectly though the Msx-binding sites, which are not guanosine-rich (CAATTA), we utilized electromobility shift assays with both in vitro-translated necdin and GT1-7 nuclear extracts and necdin antibody to detect any supershift. However, in neither instance was necdin detected as bound to the DNA (data not shown).
Necdin is necessary for GnRH gene expression in GT1-7 cells
To determine whether necdin is required for GnRH gene expression, we knocked down necdin protein levels in GT1-7 cells. siRNA duplex pools targeting necdin, cyclophilin B, or a non-targeting control were transfected into GT1-7 cells, which normally express high levels of endogenous necdin and GnRH. Immunoblots show that knockdown of necdin and cyclophilin B control proteins were specific to the appropriate siRNA duplex pool (Fig. 5A) .
We next examined endogenous GnRH mRNA levels in GT1-7 cells in which necdin had been knocked down. RNA levels were analyzed from mock, non-targeting control and necdin siRNA duplex pool transfected GT1-7 cells by quantitative RT-PCR. GT1-7 cells subjected to siRNA knockdown of necdin expressed significantly less GnRH mRNA than did cells transfected with control siRNAs (Fig. 5B) . Thus, necdin is necessary for normal GnRH gene expression in GT1-7 cells.
To further establish that necdin knockdown affected GnRH expression at the transcriptional level, we co-transfected GT1-7 cells with siRNA duplex pools and either wild-type or mutant GnRH enhancer reporters. Activity of the GnRH enhancer reporter was reduced 37% when necdin protein was knocked down (Fig. 5C ). Importantly, however, the mutant GnRH enhancer reporter showed no decrease in activity, confirming that regulation of GnRH by necdin requires the Msx/Dlx-binding sites.
Necdin interacts with Msx
Since necdin increases GnRH gene expression through Msx-binding sites, we examined whether these proteins interact within the GT1-7 cells by co-immunoprecipitating endogenous necdin and Msx1 from GT1-7 cells. Msx1 was immunoprecipitated with anti-necdin antibody, but not with the IgG control, demonstrating an association between endogenous necdin and Msx1 proteins in GT1-7 cells (Fig. 6A ). Two luciferase reporters were studied: 25 kb GnRH and GnRH enhancer reporter, which is a condensed combination of the three well-characterized rat GnRH regulatory elements: upstream enhancer (UE), enhancer (E) and promoter (P) (36) . (B) Each reporter was co-transfected into GN11 cells with a necdin expression vector (necdin) or empty vector (control). (C) GT1-7 cells were co-transfected with pGL3-luciferase or GnRH enhancer reporter and either necdin expression vector or empty vector control. (D) GN11 cells were co-transfected with GnRH enhancer reporter and either necdin, Magel2, Dlxin-1, or empty vector control. Experiments were performed in quadruplicate and repeated at least three times. Results shown are mean + SEM. The means were compared by one-way ANOVA and Tukey-Kramer HSD.
Ã indicates significant difference (P , 0.05) relative to empty vector control.
Though Grg family co-repressors have been shown to interact with Msx to augment their repressor function in GnRH transcription in GT1-7 cells (38), Grg proteins were not co-immunoprecipitated with necdin and Grg repression of GnRH gene expression was not affected by necdin, nor did mutation of the engrailed homology domain within Msx [the putative site of Grg interaction (38) ] affect its interaction with necdin (data not shown). However, Grg proteins also act as co-repressors for Oct-1, which acts through other binding sites in the GnRH gene and might also act through additional GnRH gene regulatory factors and regions.
Another MAGE family member, Dlxin-1 (encoded by the Maged1 gene), has also been shown to complex with necdin and Msx/Dlx family members (17) . Msx1-FLAG and Dlxin-1-FLAG expression vectors were transfected into GT1-7 cells, then proteins were immunoprecipitated with anti-FLAG antibody. Immunoblots for necdin demonstrated that necdin associates with both Msx1 and Dlxin-1 in GT1-7 cells (Fig. 6B) . Consequently, Dlxin-1 may also be in the Msx/ necdin complex that regulates GnRH gene expression.
Necdin does not change the cellular localization of Msx
MAGE proteins have been observed to alter the cellular localization of other proteins to the nucleus or cytoplasm, depending on their presence or activation state (39) . Thus, another mechanism by which necdin could relieve Msx repression of the GnRH gene, would be to change the nuclear localization of Msx, by sequestering it out of the nucleus, into the cytoplasm, such that it could no longer bind to DNA. We utilized GN11 cells, as their lack of endogenous necdin allowed control of its expression and detection of FLAG-tagged Msx1 (Msx1-FLAG) in cells with or without necdin co-expression. Without necdin expression, Msx1-FLAG was detected only within the nucleus of the GN11 cells (Fig. 7A) . When co-transfected into the GN11 cells, necdin was localized to both cytoplasm and nucleus; however, Msx1-FLAG localization remained in the nucleus (Fig. 7B) , suggesting that the presence of necdin does not cause Msx1 to migrate out of the nucleus. These results indicate that the mechanism for necdin interference with Msx repression of GnRH gene expression is unlikely to be due to changes in the cellular localization of Msx.
Necdin-null mice have fewer GnRH neurons during developmental migration
Adult necdin-null mice exhibit reduced numbers of GnRH neurons in the mPOA (15) . However, the role of necdin during GnRH neuronal development has not been analyzed. GnRH immunohistochemistry was performed on sagittal sections of necdin-null embryos and their wild-type littermates and GnRH-positive cells were counted (Fig. 8) . By e13.5, the full complement of GnRH neurons should be established predominantly in the nasal and cribriform plate regions (23) (Fig. 8A -E) . Wild-type e13.5 embryos had 1053 + 83 GnRH-positive cells in total (Fig. 8D) , consistent with previous findings (26) . In contrast, necdin-null littermates had significantly reduced numbers (563 + 102) of GnRH neurons (Fig. 8D) . The pathway for GnRH neuron migration was divided into three areas (depicted in Fig. 8B Fig. 8E ). Thus, e13.5 necdin-null mice have significantly fewer GnRH neurons than wild-type. Specifically, fewer GnRH neurons appeared to cross the cribriform plate into the brain, indicating that necdin plays a vital role in the developmental progression of GnRH neurons.
We then examined the number and location of GnRHpositive neurons in necdin-null and wild-type e17.5 embryos (Fig. 8F -J) . Interestingly, the total number of GnRH neurons was comparable in the necdin-null mice and their wild-type littermates (wild-type 1175 + 309 and necdin-null 1045 + 77; Fig. 8I ). However, the number of GnRH-positive neurons located in the brain was 31% significantly lower in necdin-null (520 + 27) compared with wild-type embryos (758 + 120; Fig. 8J ). While the numbers of GnRH neurons in the cribriform plate region were the same at e17.5, regardless of necdin expression, the number of GnRH expressing cells in the nasal region trended higher in the necdin-null mice (P ¼ 0.08). Since sections were taken and analyzed through the majority of the heads of these animals, we can ensure that the neurons are not mis-migrating to an area not being observed for staining and represent the total number of GnRH expressing neurons in the animal. These data indicate that the loss of necdin causes a more dramatic effect on neuron numbers in early GnRH neuronal migration (46% decrease at e13.5) than at the later stage (e17.5) and may also indicate a delay in the birth and migration of this specialized population. However, even at e17.5, the 31% reduction in GnRH neurons in the brain is consistent with the 25% reduction previously noted in the adult mPOA (15) .
We then assessed the effect of loss of necdin on axonal outgrowth to the median eminence at e17.5, a stage of development at which GnRH can easily be detected there due to the targeting of GnRH neuronal axons. Figure 8K and L shows the median eminence in e17.5 wild-type versus necdin-null embryos. Strong GnRH immunostaining was evident in all wild-type embryos examined, while the necdin-null embryos exhibited only weak GnRH immunostaining indicative of few fibers reaching the median eminence. This indicates that the axonal outgrowth from the GnRH neurons that have reached the hypothalamic region is defective or severely delayed in necdin-null mice. Together these studies show that necdin regulates both the expression of the GnRH gene and GnRH neurons during their development.
DISCUSSION
Hypogonadism is one of the major diagnostic criteria for PWS (2) . It is usually hypogonadotrophic and at least partially attributed to hypothalamic dysfunction (40) . Several genes residing within the human 15q11 -13 region are inactivated in PWS, including two MAGE family genes, NDN and MAGEL2. Hypothalamic insufficiency has been suggested in necdin-null mice (15), making necdin an intriguing candidate for contribution to the hypogonadal phenotype. Our investigation of this hypothesis demonstrates that necdin regulates GnRH gene expression and GnRH neurons during development, strongly implicating lack of necdin in the etiology of PWS-associated infertility.
The microarray comparison of mRNAs in immature GN11, versus mature GT1-7, GnRH cell lines revealed that necdin was the most differentially expressed transcript, suggesting a critical role for necdin in the maturation of GnRH neurons. Necdin is a marker of mature CNS neurons and is thought to play a role in neuronal differentiation (41, 42) . During development, the level of necdin increases in neurons as they differentiate and exit the cell cycle to become post-mitotic (42, 43) , consistent with its high expression in GT1-7 and absence from GN11 cells. In fact, we find that transfection of necdin into immature GN11 cells results in significant activation of GnRH transcription. Since necdin is known to interact with Msx repressor and Dlx activator homeodomain proteins in the regulation of the Wnt1 promoter in muscle cells (4, 27) and we had previously shown that Msx repression and Dlx activation contribute to differential regulation of GnRH gene expression during developmental migration (26), we addressed the interaction of necdin with Msx and Dlx in GnRH gene expression. Necdin activation of GnRH transcription was dependent upon the four known Msx/Dlx-binding sites, indicating that necdin may not directly bind to the GnRH regulatory sequence, but instead function as a co-factor. siRNA knockdown of necdin in GT1-7 cells reduces both endogenous GnRH mRNA and GnRH reporter gene transcription, and this effect is also dependent upon the four Msx/Dlx-binding elements. In fact, necdin relieves Msx repression of GnRH gene transcription, while Dlx activation of GnRH is not affected, indicating that necdin is specifically preventing Msx repression through the GnRH enhancer and promoter binding sites. Furthermore, Msx1 co-immunoprecipitates from GT1-7 cells with necdin, demonstrating that a complex between the endogenous Msx1 and necdin proteins forms in these GnRH neurons. Another MAGE family member, Dlxin-1, also has been shown to interact with Msx and Dlx, in the presence of necdin (4, 27) . Dlxin-1-FLAG transfected into GT1-7 cells did produce a complex with necdin. However, Dlxin-1 did not affect GnRH gene expression, nor did the related protein, Magel2. These studies indicate that necdin forms a complex with Msx1 that interferes with Msx repression of GnRH transcription, while Magel2 and/or Dlxin are either not necessary or their endogenous levels are sufficient for the formation and action of the Msx/necdin complex. Inactivation of Msx by necdin may then permit Dlx activators to play their role in the induction of GnRH gene expression as the GnRH neuron migrates, matures and increases synthesis of GnRH (Fig. 9) .
Necdin interference with Msx repression of GnRH gene expression requires the Msx-binding elements in the GnRH gene and appears to occur through formation of an Msx/ necdin protein complex. This interaction with necdin might prevent Msx repression through one or more mechanisms such as: necdin might prevent Msx from recruiting a specific co-repressor, necdin association might alter Msx protein stability or localization to the nucleus, or perhaps necdin interferes with Msx binding to DNA. However, the only known co-repressors for Msx in GT1-7 cells, the Grg proteins, were not detected in complexes immunoprecipitated with necdin antibody. In addition, Msx proteins were not reduced in level or detected outside of the nucleus in GN11 cells transfected with necdin, indicating that necdin does not act by altering the localization or stability of Msx proteins. The binding of Msx to DNA is critical for its repression of the GnRH gene and yet Dlx binds the same DNA sites and is important for activation of the GnRH gene. Therefore, one can hypothesize that necdin interaction with Msx either blocks or decreases its affinity for DNA or otherwise isolates it away from the DNA, thus, allowing Dlx homeodomain activators greater access to their shared DNA-binding elements. The more plausible molecular interactions underlying necdin activation of GnRH gene transcription are illustrated in Figure 9 .
GnRH transcriptional activity is thought to be dependent on the developmental stage of the embryo (25) , with mRNA levels increasing as the neurons mature. Thus, the action of necdin in the GnRH neurons as they develop and migrate into the brain is consistent with its activity in counteracting the repression by Msx, allowing the GnRH gene to increase transcription as the neurons differentiate. Additionally, recent evidence points to a role for necdin in the migration of a population of sympathetic neurons during late embryogenesis (19) . In support of our hypothesis, necdin appears important for GnRH neuron maturation in vivo as the neurons migrate into the brain. At e13.5, though the numbers of GnRH neurons remained the same in the nasal area of the necdin null embryos, 58% fewer GnRH-positive neurons were observed in the cribriform plate region and 72% fewer entering the brain. By e17.5, there were still 31% fewer GnRH neurons in the brain. While it is unclear whether the reduction in GnRH neuron numbers is a result of cell death or loss of GnRH expression, it is likely that there are fewer functional GnRH neurons in these animals.
These results are consistent with the report that adult necdinnull mice have reduced numbers of GnRH neurons in the mPOA (15) . The lack of necdin in the null animals may affect GnRH neurons only after they have reached the cribriform plate and primarily affect those having reached the brain. GnRH neurons are thought to begin expressing necdin mRNA at e12 (41), as they are migrating toward the cribriform plate. Thus, our findings suggest that the lack of necdin results in Msx maintaining repression of GnRH gene expression later in development, resulting in lower levels of GnRH transcription in the GnRH neuron and perhaps a delay in GnRH neuronal migration or maturation resulting in fewer functional GnRH neurons ultimately reaching the hypothalamus. In this way, necdin could be involved in ensuring that GnRH gene expression is activated within a specific temporal and spatial window, allowing the developmental migration of the GnRH neuron.
Necdin has also been detected in the developing pituitary, in Rathke's pouch (44), yet we do not detect it in the gonadotrope cell line, LbT2. Though four different necdin-null mouse lines Figure 9 . A model for necdin action on GnRH gene expression. Early in their development, the majority of GnRH neurons is located in the nasal septum and is migrating toward the brain. During this spatiotemporal period, Msx homeodomain repressors are expressed in vivo and may be bound to specific elements within the GnRH promoter and enhancer to repress GnRH, resulting in low GnRH expression (26) . Late in their development, most GnRH neurons have crossed into the forebrain and hypothalamus (areas of Dlx activator expression) and are expressing high levels of GnRH. It is thought that Dlx proteins are then binding to the same homeodomain elements within the GnRH regulatory region, to increase GnRH expression (26) . The 'switch' from Msx to Dlx factors on the GnRH promoter may be the result of the interaction of Msx repressors with the MAGE protein, necdin, which is being expressed along the GnRH migratory route at this time, resulting in an inactivation of Msx repression and allows Dlx activators to exert their function. Necdin may require co-factors such as MAGE family member Dlxin-1 for this functional complex.
have been characterized, none of these have noted any pituitary defects. In addition, the structure and size of the developing pituitary in the 17.5 embryos (Fig. 8) was normal. Thus, it is possible that necdin has a role in pituitary development, however, the effects on GnRH neurons in the necdin-null mice are not due to pituitary gonadotropin defects since GnRH neurons have been shown to develop, migrate and target the median eminence normally in gonadotrope-ablated animals (45, 46) and, indeed, in mice lacking either GnRH receptor or GnRH itself (47) .
Though the fertility of necdin-null mice has not been investigated in detail, a reduction by as much as 66% of GnRH neurons due to other mutations still results in fertile female mice (48) . Thus, lack of necdin in PWS patients could result in infertility if: (i) axon targeting to the median eminence is defective even in the adult, (ii) the reduction in GnRH neurons due to the absence of necdin was more dramatic in humans than mice, (iii) a 30% reduction in GnRH neurons was sufficient for infertility in humans, or (iv) additional gene deficiencies in the PWS interval augment the reduction of GnRH neurons. Additionally, since a genetic defect has been identified in only 30% of idiopathic hypothalamic hypogonadism patients (49) , it will be important to determine whether mutations in the necdin gene might be found in cases of idiopathic hypothalamic hypogonadism of unknown genetic etiology.
In summary, we have identified a MAGE protein, necdin, as a key regulator of GnRH gene expression both in vitro and in vivo. Necdin gene expression is inactivated in PWS in which patients are typically infertile. Lack of necdin reduces GnRH gene expression, results in decreased numbers of GnRH neurons, and decreased targeting of GnRH axons to the median eminence during development, actions that likely contribute to hypogonadotrophic hypogonadism and infertility in PWS.
MATERIALS AND METHODS
Cell culture and transfections GT1-7, GN11, NIH3T3, and LbT-2 cells were cultured in Dulbecco's modified Eagle's medium with 4.5% glucose, 10% fetal bovine serum and 1Â penicillin-streptomycin in 5% CO 2 at 378C. Cells in 24-well plates were transfected at 90 000 and 50 000 cells per well, respectively, with 400 ng/well of rat GnRH enhancer luciferase reporter or mutant GnRH enhancer reporter and 100 ng/well of pHismaxC-Necdin, pCB6þMsx1, pCAGG-Dlx1, pCB6þDlx2, or pcDNA3Dlx5. All transfections included thymidine kinase-b-galactosidase as an internal control, pGL3 empty reporter and appropriate empty vectors as parallel controls. Transfections used FuGENE 6 (Roche) according to manufacturer's protocols. The mutant GnRH enhancer reporter contains mutations as previously described (26) .
Transfections were harvested at 48 h in lysis buffer (100 mM potassium phosphate and 0.2% TritonX-100, pH 7.8) unless otherwise noted. Luciferase assays were performed as previously described (26) and b-galactosidase assays were performed as directed by the manufacturer (Tropix). Luciferase values were normalized to internal control b-galactosidase values and were always compared with empty vector control. Experiments were performed in quadruplicate, at least 3Â. Data represent mean + SEM of at least three independent experiments.
RNA isolation, microarray and RT -PCR
RNA was extracted using Ultraspec TM (Biotecx Laboratories Inc.), according to manufacturer's instructions. RNA was re-precipitated from 3 M NaOAC, pH 5.2, and then ethanol before submission to the UCSD-VA GeneChip Core for analysis using Affymetrix MOE430A microarrays. Two arrays were performed using RNA from independent batches of cells. Data were analyzed using GeneSpring (Silicon Genetics) for all genes on chip and VAMPIRE Bayesian variance modeling (34) for those with statistically different expression between. The statistical approach in VAMPIRE finds many genes that are missed by the other methods (50, 51) and can be more robust than ANOVA-based procedures at low sample number.
RNA for RT-PCR analysis was isolated using the RNeasy mini kit (QIAGEN). cDNA was generated using 2 mg RNA and the SuperScript III First-Strand Synthesis System (Invitrogen), with the exception of the adult mouse brain cDNA (Zyagen) used as a positive control. Primers sequences are as follows: 
Immunoblot and co-immunoprecipitation
Whole cell extract was prepared by lysis [50 mM Tris -HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, proteaseinhibitor cocktail (Sigma) and 1 mM PMSF, pH 7.4] directly on tissue culture dishes. Lysate was rocked at 48C for 15 min then centrifuged for 10 min. For immunoblotting, 20 mg of protein was electrophoresed on 12% polyacrylamide mini-gels, transferred to PVDF and blocked overnight in 5% non-fat dry milk in Tris-buffered saline with 0.1% Tween-20. Anti-necdin (Abcam ab18554) and anti-cyclophilin B antibodies (Abcam ab16045) were diluted at 1:1000, and anti-Msx1 was diluted at 1:1600 (Aviva ARP37094) in blocking buffer. Anti-rabbit HRP secondary (1:5000) (Amersham NA934V) was diluted in Tris-buffered saline with 0.1% Tween-20. Chemiluminescence was detected (Pierce SuperSignal West Pico) by exposure to film. For co-immunoprecipitation experiments, 200 mg of precleared GT1-7 lysate was incubated with 4 mg of either antinecdin or anti-rabbit IgG (Santa Cruz sc-2027) at 48C 1 h. Twenty-five microliters of Protein A Magnetic Beads (NEB) were added and rocked overnight at 48C. Bead/protein complexes were washed 5Â then eluted in 2Â SDS sample buffer at 708C for 5 min. Two immunoblots were run with each sample for detection of Msx or necdin. For GT1-7 cells transfected with FLAG-Msx1 or FLAG-Dlxin1 (Fig. 6B) , 250 mg of extract was immunoprecipitated using EZ-View Red FLAG Affinity Gel (Sigma) per manufacturer's instructions. Proteins were dissociated from beads by boiling for 5 min in 2Â SDS sample buffer then immunoblotted for necdin.
siRNA knockdown and quantitative RT -PCR Necdin (ON-TARGETplus SMARTpool for mouse, Dharmacon), Non-Targeting control (ON-TARGETplus siCONTROL pool, Dharmacon) and Cyclophilin B (ON-TARGETplus, siCONTROL pool for mouse, Dharmacon) siRNA duplex pools were transfected into GT1-7 cells using DharmaFect3 reagent (Dharmacon). Proteins were extracted at 72 h and immunoblotted for cyclophilin B and necdin.
RNA was harvested at 48 h post-transfection using the RNeasy mini kit (QIAGEN). cDNA was generated using 2 mg RNA and the SuperScript III First-Strand Synthesis System (Invitrogen), was diluted 1:10 to yield an equivalent of 50 ng starting RNA per reaction. All quantitative RT -PCR reactions were performed in a 25 ml volume, using either iQ SYBR Green Supermix (BioRad) or Absolute Blue SYBR Green Fluorescein Mix (Thermo Scientific). Primers: GnRH forward: TGCTGACTGTGTGTTTGGAAGGCT, GnRH reverse: TTTGATCCACCTCCTTGCGACTCA (cyclophilin B primers are as described earlier); cycling conditions: 15 min at 958C, 40 cycles of 958 for 15 s, 558C for 30 s and 728C for 30 s. Additionally, an 81-cycle step at 558C for 30 s was performed for melting temperature analysis to confirm purity. Serial dilutions of Necdin or cyclophilin B cDNA plasmids were used in parallel for standard curves. PCR was performed in triplicate and repeated 4Â on a BioRad iQ5. Values were determined using the standard curves based on threshold cycle (Ct) values. Replicates were averaged and divided by the mean of cyclophilin B within the same sample.
Co-transfections were performed as described earlier, except siRNA duplex pools for a non-targeting negative control or Necdin were co-transfected with reporter plasmids using DharmaFect3 transfection reagent. Co-transfections also included thymidine kinase-b-galactosidase as an internal control.
Immunocytochemistry GN11 cells were cultured as described earlier in 2-well Lab-Tek II Chamber Slides (Fisher). Cells were fixed in 3.7% formaldehyde for 10 min, permeabilized for 20 min in 0.2% NP40, 1% BSA, 10% goat serum in PBS, avidin blocked for 30 min in 20% goat serum, 5% BSA, avidin solution from Avidin/Biotin blocking kit per manufacturer's instructions (Vector Labs) in PBS, biotin blocked for 30 min according to manufacturer's instructions (Vector Labs), and incubated overnight at 48C in anti-necdin (Abcam ab18554, 1:1000) and anti-FLAG Cy3 (Sigma, 1:100) antibody diluted in blocking solution (20% goat serum, 5% BSA). Cells were incubated for 30 min with biotinylated goat-anti-rabbit secondary antibody (Molecular Probes) used at 1:500 in blocking solution. Strepavidin-Alexa488 fluorescent conjugate (1:200 in PBS) in was incubated with cells for 1 h in the dark.
Slides were mounted with coverslips using VectaShield Hard Set Mounting Media with DAPI (Vector Labs). All incubations were done at room temperature unless otherwise noted. Each antibody individually and no primary antibody controls were also performed in parallel. Fluorescence was visualized with a Nikon Eclipse TE2000-U microscope.
Immunohistochemistry
Necdin-null mice (14) were generated by heterozygous crosses, then pregnant females were euthanized and embryos were harvested at e13.5 and 17.5 (e17.5). Genotypes were confirmed as previously described (13) . Whole embryos (e13.5) or embryo heads (e17.5) were fixed in 10% acetic acid, 30% formaldehyde, 60% ethanol, overnight at 48C and dehydrated in ethanol/water washes prior to embedding in paraffin. Ten micrometer sagittal sections were floated onto SuperFrost Plus slides (Fisher) and dried overnight at 378C. Approximately 120-200 sections were processed and stained for GnRH per head depending on the developmental stage. Prior to staining, slides were incubated at 608C for 30 min. Slides were deparaffinized in xylene washes, then rehydrated in ethanol/water washes. Antigens were retrieved by boiling for 10 min in 10 mM sodium citrate. After cooling and washing 2Â in water, endogenous peroxidase was quenched with 0.3% hydrogen peroxide for 10 min. Slides were blocked in PBS with 5% goat serum and 0.3% Triton X-100 for 45 min. Slides were incubated overnight at 48C in anti-GnRH antibody (Affinity BioReagents PA1-121; diluted 1:1000 in blocking buffer), then in biotinylated goat-anti-rabbit IgG (Vector Labs) at 1:300 for 30 min. GnRH peptide was visualized using the Vectastain ABC elite kit and VIP peroxidase kit (Vector Labs). Sections were counterstained using methyl green (Vector Labs). GnRH neurons were counted (doubleblind) in all sections of three or more embryos per time point and genotype. Cells were divided into nasal, cribriform plate and brain regions, and the mean calculated.
